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CONCLUSIONS 
The average  tempera ture  a t  which a d e v i c e  of t h i s  t y p e  
w i l l  con t ro l  can  be p r e d i c t e d  wi th  accu racy ,  and t h e  d e v i c e  
w i l l  c o n t r o l  tempera ture  w i t h i n  a r easonab le  range of power 
i n p u t s .  The thermal  conductance behav io r  of t h e  conical  
washer appears  t o  be i d e a l  f o r  t h i s  a p p l i c a t i o n  w i t h  t h e  
e x c e p t i o n  of t h e  r e l a t i v e l y  h igh  i n i t i a l  l eakage  through t h e  
c i r c u l a r  c o n t a c t  p o i n t s .  
A d d i t i o n a l  i n v e s t i g a t i o n  i s  n e c e s s a r y  t o  de termine  t h e  
c o n t r o l ' s  upper l i m i t s  and i t s  f e a s i b i l i t y  a s  a sma l l  package 
w i t h o u t  f ramework ,  dependent on t h e  d i f f e r e n c e  i n  thermal  
expans ion  o f  t w o  me ta l s .  
This  i n v e s t i g a t i o n  i s  concerned w i t h  t h e  problem of 
m a i n t a i n i n g  a predetermined t empera tu re  i n  t h e  n e a r  v i c i n i t y  
of a v a r i a b l e  sou rce  of  thermal  energy.  A t y p i c a l  s i t u a t i o n  
where need f o r  such a c o n t r o l  e x i s t s  is  a s o l i d  s ta te  power 
c i r c u i t  which g e n e r a t e s  a f a i r l y  l a r g e  amount o f  h e a t ,  dependent 
on power r equ i r emen t s ,  and whose s t a b i l i t y  i s  t empera tu re  
dependent.  
The u s e  of t h e  thermal  expans ion  p r o p e r t i e s  of  metals t o  
a c t u a t e  a d i r e c t  con t ro l  device  w a s  i n t roduced  i n  t h e  Semi-Annual 
Repor t ,  NASA Grant  NsG-711/44-07-004 .l 
t i m e  involved  t w o  r i q i d l y  p laced  t h e r m a l  conductors  w i t h  a 
small gap or gaps a t  t h e i r  i n t e r f a c e  and a h e a t  source and 
h e a t  s i n k  as shown i n  Figure 1. Th i s  i d e a  was cons ide red  and 
modif ied for  t h e  fo l lowing  r easons .  
The concept  a t  t h a t  
1. Extremely high c o n t a c t  p r e s s u r e s  would be 
r e q u i r e d  t o  o b t a i n  s i q n i f i c a n t  deformat ion  of such a 
gap 
2. Opera t ion  wi thout  y i e l d i n g  i n  t h e  m a t e r i a l  
appeared u n l i k e l y .  
3 .  The assumptions involved  i n  p r e d i c t i o n  of  t h e  
deformation of t h e  gap blocked r easonab le  theoretical  
a n a l y s i s  of  t h e  problem. 
Heat T r a n s f e r  Across Surfaces i n  Contac t :  Pract ical  
E f f e c t s  of T r a n s i e n t  Temperature and P r e s s u r e  Environments,  
A p r i l  1, 1 9 6 5 ,  t o  October 1, 1 9 6 5 ,  pp 2, 7 
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Various  geometric shapes  were t h e n  c o n s i d e r e d  t o  ac t  
a s  i n t e r m e d i a t e  c o n t r o l  e lements  between t h e  expanding metal 
a d j a c e n t  t o  t h e  h e a t  s o u r c e ,  and t h e  h e a t  s i n k .  C o n s i d e r a t i o n  
invo lved  t w o  pr imary  c r i t e r i a ,  v a r i a b i l i t y  o f  c o n t a c t  area 
and case of f a b r i c a t i o n .  A c o n i c a l  washer was chosen as t h e  
i n t e r m e d i a t e  e l e n e n t  f o r  t h i s  s t u d y  because  of i t s  h i g h l y  
p red ic t ab le  behav io r  under load,  ex t r eme ly  large changes i n  
c o n t a c t  area p o s s i b l e  and ease o f  maflufacture.  
,/’ 
’The model used  i n  t h i s  i n v e s t i g a t i o n  is as described i n  
F i g u r e  2, c o n s i s t i n g  of a r i g i d  framework and ac t ive  e l emen t s  
mounted as shown. The a c t i v e  e l emen t s  a r e : ’  
1. A t h r e a d e d  a d j u s t a b l e  head c o n t a i n i n g  a h e a t  
s o u r c e  o f  V i - C h r o m e  wire o p e r a t e d  by 60  c y c l e  a l t e r n a t i n g  
c u r r e n t  and c a p a b l e  of a maximum o u t p u t  of approx ima te ly  
2 , 0 0 0  BTU/hr a t  110 v o l t s  r m s .  
2. A 5 1 / 2  i nch  l o n q ,  3 i n c h  d i a m e t e r  s o l i d  c y l i n d e r  
of 6061 T6 aluminum t o  p r o v i d e  ver t ica l  motion and force 
as a r e s u l t  of thermal  expans ion .  
3 .  A 3 i n c h  o u t s i d e  d i a m e t e r ,  1 i n c h  i n s i d e  
diameter c o n i c a l  washer  w i t h  0 .018  i n c h e s  d i s h  from i n n e r  
d i a m e t e r  t o  o u t e r  d i ame te r  and a t h i c k n e s s  o f  0.100 i n c h .  
4 .  A 3 1 / 2  i nch  diameter, 0.75 i n c h  t h i c k  h e a t  s i n k  
w i t h  an i n t e r n a l  l a b y r i n t h  t o  p r o v i d e  e f f i c i e n t  h e a t  
t r a n s f e r  t o  t h e  c o o l i n g  water. 
Heat i n p u t  t o  t h e  sys tem i s  var ied  by c o n t r o l l i n g  t h e  h e a t e r  
3 
power with a variable transformer. 
the heater is monitored and used to calculate the power dissi- 
pated by the known resistance of the heater. 
The voltage drop across 
The temperature of the heat sink is kept essentially 
constant by using a larqe flow of tap water as the coolant. 
Heat sink temperature is monitored by periodic measurement of 
inlet temperature, outlet temperature and one sensing point on 
the sink itself to insure that the flow is sufficient to keep 
the sink at the same temperature throughout a control period. 
The above described model control is used as the basis for 
predictions of control temperature as a function of the preload, 
or initial gap at the outer edge of the conical washer with all 
elements of the control at some known temperature. 
"leakage" through the two rings of contact at the washer prior 
to full compression controls heat flow before the control point 
is reached. Contact conductance between the annular area of 
the washer and the hot cylinder and the heat sink governs 
temperature of the aluminum cylinder after full compression of 
the washer is accomplished. 
Heat 
Experimentation consists of two simj?le data gathering 
procedures. First, the heat sink is replaced by a thermal 
insulator of high compressive strength, a glass fibre rein- 
forced resin block. Power input is recorded for a succession 
of steady-state temperatures to determine the system's losses 
to its surroundings as a function of column temperature. 
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Second, t h e  h e a t  s i n k  i s  r e p l a c e d  below t h e  washer and 
t h e  washer compressed t o  a predetermined gap a t  i t s  o u t e r  
edge. 
c o n t r o l  p o i n t  and tempera tures  i n  t h e  c y l i n d e r  are recorded  
a f t e r  s t e a d y  s t a t e  c o n d i t i o n s  are reached a t  each power 
s e t t i n g .  
Power i n p u t  i s  inc reased  i n  s t e p s  up t o  and beyond t h e  
The i n i t i a l  gap r equ i r ed  t o  ach ieve  c o n t r o l  a t  any 
tempera ture  is e a s i l y  determined when t h e  c o e f f i c i e n t  of  
t he rma l  expansion of  t h e  main c y l i n d e r  and t h e  i n i t i a l  tempera- 
t u r e  of t h e  system are known. 
i s  formula ted  as: 
The change i n  l e n g t h ,  or  gap ,  
LZ-Ll  = ML(T2-Tl )  
= C o e f f i c i e n t  of thermal  expansion 
L = Lenqth of main c y l i n d e r  
T = Average tempera ture  o f  main c y l i n d e r  
T h i s  r e s u l t s  i n  an average tempera ture  w i t h i n  t h e  c y l i n d e r  
e q u a l  t o  t h e  c o n t r o l  tempera ture  a t  power i n p u t s  e q u a l  t o  o r  
greater than  those r e q u i r e d  t o  overcome l o s s e s  t o  t h e  
su r round inqs  p l u s  t h e  leakage through t h e  i n i t i a l  c i r c u l a r  
c o n t a c t s  a t  t h e  washer. 
H e a t  f low a t  t h e  i n i t i a l  c i r c u l a r  contac ts  and through 
t h e  a n n u l a r  c o n t a c t  areas of t h e  w a s h e r  a f t e r  f u l l  d e f l e c t i o n  
i s  n o t  ana lyzed ,  s i n c e  there  is no d a t a  a v a i l a b l e  on t h e  
thermal  behav io r  of a metal  i n t e r f a c e  w i t h  non-uniform contact  
p r e s s u r e ,  o r  of a c i rcu lar  l i n e  c o n t a c t .  
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Loss r u n s  a t  t empera tu res  between 75F and 200F as 
d e s c r i b e d  above, r e s u l t  i n  a s t r a i g h t  l i n e  when power i n p u t  
i s  p lo t ted  vs  sample t empera tu re ,  F i g u r e  3 ,  i n d i c a t i n q  no 
s i g n i f i c a n t  r a d i a t i o n  losses a t  t h e s e  t empera tu res .  T h i s  loss 
data i s  used i n  r educ ing  t h e  d a t a  r eco rded  i n  c o n t r o l  r u n s .  
-
During t h e  loss r u n s ,  e q u i l i b r i u m  i s  assumed t o  be a t t a i n e d  
when t h e r e  i s  no d i s c e r n a b l e  t empera tu re  d i f f e r e n c e  between 
t h e  upper  and lower thermocouples  i n  t h e  main c y l i n d e r  and 
when t h e r e  i s  no n o t i c e a b l e  change i n  t h e i r  v a l u e  for  a period 
of 15 minutes .  
R e s u l t s  of t w o  c o n t r o l  r u n s ,  one designed! t o  c o n t r o l  a t  
an  average c y l i n d e r  t empera tu re  of 150F, the o t h e r  a t  185F, 
show a p o s i t i v e  t empera tu re  c o n t r o l ,  e s p e c i a l l y  t h e  h i g h e r  
t empera tu re  run .  Power i n p u t ,  t a k i n g  i n t o  accoun t  l o s s e s ,  vs 
average c y l i n d e r  t empera tu re  i s  shown i n  F i g u r e  4 .  C o n t r o l  
i s  p robab ly  less pronounced i n  t h e  l o w e r  t empera tu re  run  due 
t o  t h e  p rox imi ty  of t h e  data p o i n t s  t o  t h e  s t r a i g h t  l i n e  
r e p r e s e n t i n g  t h e  the rma l  c o n d u c t i v i t y  of t h e  aluminum used  
f o r  t h e  ac t ive  e l emen t s  of t h e  c o n t r o l .  
t u r e  r u n ,  c o n t r o l  a p p e a r s  t o  have been ach ieved  w e l l  w i t h i n  
- 
I n  t h e  h i g h  tempera- 
5F of t h e  ave rage  c y l i n d e r  t empera tu re  p r e d i c t e d .  
Temperature d i s t r i b u t i o n  w i t h i n  t h e  e l emen t s  of t h e  
c o n t r o l  for  f o u r  d a t a  p o i n t s  of t h e  185F run  ( f i g u r e  5 )  i n d i c a t e s  
t h e  t empera tu re  d i s c o n t i n u i t y  across t h e  washer  as  a f u n c t i o n  of 
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temperature. 
h, defined by the equation 
A contact coefficient of thermal conduction, 
q = h A T  
q = Heat conducted per unit time 
A = Contact area 
T = Temperature discontinuity across the contact 
is assumed for each face of the conical washer; in addition, 
the coefficients for the two faces are assumed equal. 
discontinuities across the washer found above enable h to be 
shown as a function of the cylinder temperature (Figure 6). 
Before control temperature is reached, h is an indication of 
the leakage through the washer's two circular contacts and 
remains very nearly constant. Beyond the control point, the 
contact conductance increases very rapidly, doubling its value 
during this run. 
The 
A third control run determines the characteristics of 
the control during cyclic operation. 
the run is 200F. 
ture is shown in Figure 7 .  Hysteresis is evident as surface 
asperities are reduced; however, after the first heat input 
reduction, cylinder temperatures remain within a few degrees 
of 190F as heat input varies. 
Control temperature for 
Power throughput vs average cylinder tempera- -
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